The calculation of column's height plays an important role in packed columns precise design. This research is based on experimentally measurement of mass transfer coeffi cients in different heights of packed column to predict its height. The objective of presented work is to introduce a novel conceptual method to predict column height via new correlation for mass transfer coeffi cient. As the mass transfer coeffi cient is decreased with increase of column height, the HTU's are not constant fi gures along the column so this new approach is called increasing HTU's. The results of the proposed idea were compared with other correlations and the conventional method i.e. constant HTU's. Since the results are in very good agreement with experimental data comparing to conventional method, it seems this approach can be a turning point in design of all differential columns like packed columns. Making use of this method is suggested for design of differential columns.
INTRODUCTION
The liquid-liquid extraction is one of the most widely used unit operations in the process industry. The operation consists of separating one or several substances (solute) present in a liquid phase by the addition of another liquid phase in which these substances are transferred preferentially. The mass transfer process underlined the extraction often happens in counter-current type contactors. These contactors are generally classifi ed into two groups, namely stage-wise and differential.
One of the major challenges in designing an industrial extraction column lies in the choice of the geometrical parameters specially height of the column. In order to design or scale up an extraction column, having a reasonable prediction of the mass transfer behaviors by a suitable mathematical model is essential. Furthermore, all previously proposed correlations for prediction of mass transfer coeffi cient in the extraction columns are independent of column height and would not provide reliable estimation when the mass transfer coeffi cient is a function of column height, In order to tackle with this defi ciency, in a previous work the column height was introduced as a new parameter in the mass transfer coeffi cient equation which lead to a correlation with a high accuracy without which the data could not be fi tted with an acceptable error 1 . The possibility of fi nding a similar correlation in counter-current mode (which shows dependency of mass transfer on height of column) is investigated in the present work. This experimental study confi rms that a similar correlation for prediction of mass transfer coeffi cient can be obtained for counter-current operation with an acceptable average errors comparing to existing correlations. According to this new correlation, as the mass transfer coeffi cient is decreased with increase of column height, the HTU's are not constant fi gures along the column so this new approach is called increasing HTU's. With this new idea, increasing HTU's, the height of transfer unit (HTU), the height equivalent to a theoretical tray or plate, is not a constant value in the column. So this concept can introduce a novel approach in differential column design.
Therefore understanding of relevant column height and the mass transfer coeffi cients in these columns is of paramount importance for the precise design. Since one phase is dispersed in the other phase the explanation of mass transfer behavior in droplets is necessary for designing the extraction process.
Three important theoretical equations for prediction of the mass transfer coeffi cient are reviewed briefl y. Also many other correlations have been proposed yet 2 . A similar job has been done on this extraction column fo r single drop system previously 1 . In this research we are trying to obtain an equivalent equation for counter--current conditions which considers the effect of height in correlation. Then a new mathematical method is applied to calculate height of packed column. The aim of this study is to introduce a novel conceptual method to predict column height via the new correlation for mass transfer coeffi cient. This method shows that the HTU is not a fi xed value in column. This is a new and useful idea for more precise design of column.
PREDICTION OF MASS TRANSFER COEFFICIENT
The mass transfer coeffi cient of dispersed phase is one of the fundamental and essential parameters in the design of an extraction column. Several correlations have been proposed in past studies for calculation of mass transfer coeffi cient. The results of these studies have usually been interpreted in the light of three mechanisms of mass transfer inside drops. These three mechanisms are: i) considering the mass transfer rate of solute in a drop to be the molecular diffusion in a stagnant spherical drop 3 , ii) laminar diffusion with circulation induced by relative motion of drop and continuous phase 4 , and iii) eddy diffusion between internal toroidal stream lines 5 . The governing equations are summarized in Table 1 . The small drops are found to be subject to the molecular diffusion rate control, but, large drops may exhibit Handlos-Baron behavior. The criteria of transition between different mechanisms of behavior are usually based on V i for Re > 1 is given by:
The mass transfer coeffi cient is considered independent on height of column in all above mentioned correlations.
EXPERIMENTAL

Set-up Description
The packed column set up used in this study for continuous counter-current separation of acetic acid from dispersed phase was a 91 mm × 1250 mm Pyrex glass column packed with two pieces of Penta-Pak TM PS-500M1 structured packing (Fig. 1) . The total height of packing was 40 cm (Fig. 2) . The packing was made of corrugated sheets in a cylindrical structure with a diameter equal to the internal diameter of column. The inclination of the corrugation is 45 o .
Reynolds or Weber or other factors which are found to be not very reliable.
Calderbank and Korchinski proposed an alternative approach involving the use of an enhanced molecular diffusivity, D d , (also referred to as effective diffusivity) in the equation of Kronig and Brink with the dimensionless enhancement factor 6 , = 2.25:
The circulation patterns and mixing intensity in oscillating drops are not well understood. The values of the mass transfer coeffi cients are experimentally similar to those predicted by the simple model of Handlos and Baron. This might be due to the internal circulation of drops. Photographic study of oscillating drops by Rose and Kintner shows that the toroidal circulation patterns postulated by Handlos and Baron deviate from reality. When the drop oscillates, the surface area changes with time 
Since in their experiments which was the transfer of ethyl acetate into (vigorously circulating) water drops a rapid approach to equilibrium was observed, they considered only the fi rst term of the series in the above equation and determined values: (4) based on their own experimental data 9 :
Steiner also used equation (5) The experiment was carried out at room temperature under steady-state conditions. At the lower end of column, there is a discharge valve and glass entrance nozzle which can be used to connect to different nozzles for dispersed phase inlet. The dispersed phase enters through the bottom of column. The entrance nozzle of the dispersed phase has a valve which controls the speed of drops to the continuous phase. To collect the drops in different heights several plug type valves were used. The drops were collected and analyzed at the heights of 11, 24.5, 39 cm from the bottom of the column.
Chemical Systems
Two different dispersed phases was provided by adding 5 vol% acetic acid to the saturated toluene and butyl acetate. Distilled water saturated with toluene and butyl acetate was used as the continuous phase. These two chemical systems, system 1: toluene-acetic acid-water (high interfacial tension) and system 2: n-butyl acetate--acetic acid-water (medium interfacial tension) were selected to increase the range of the interfacial tensions. The physical properties of these chemical systems are provided in Table 2 .
CALCULATION OF COLUMN HEIGHT
In all previously publis hed works, the HTU is considered as a fi xed value in a specifi ed column 12, 13 . There are also tables which give the values of HTU for a specifi c type of packing 14 . Although the variation of HTU has been confi rmed by some people, no theoretical explanation has been proposed to support this fi nding. As it has been discuss ed 1 , the mass transfer coeffi cient is intensively affected by height of packing in a single drop system. The present work aims to study the existence of similar trend for counter current condition. Such trend may happen due to the fact that by approaching the end of the column decreasing the solute concentration results in less mass transfer rate and less values for mass transfer coeffi cients. Thus, assumption of a constant mass transfer coeffi cient in calculating the height of column is not correct anymore. Indeed, with increasing the packing height while the mass transfer coeffi cient is decreasing, the equivalent height of column (theoretical plate) increases. The counter-current differential extractors such as packed columns are characterized by a continuous change in the concentration profi le from top to bottom, rather than step changes. The fl ux of solute through the interface is related to the change of solute concentration across the section as follows 15 : (14) Where C d is the concentration of the dispersed phase, C d i is that at the interface and dh is the differential height. In order to calculate the height of column, equation (14) was rearranged and integrated in the following form: (15) In that approach, as stated before, it is assumed that the mass transfer coeffi cient is constant and is not depended on the height of column. The total height of packed column needed can be established by the product of NTU and HTU.
Eq. (15) may be conveniently expressed as: (16) where NTU, termed t he number of transfer units, is given by:
The HTU, the height of transfer unit is constant and given by:
This is a simple method of representation which has been widely used as a method of design.
In the new approach proposed here, the mass transfer coeffi cient is a function of column height, thus Eq. (14) can be rewritten as:
For a specifi c separation NTU is fi xed and the integration calculation should be repeated for the number of transfer units.
In the fi rst step to determine the fi rst HTU, NTU is considered to be equal to 1 and the integral limits are defi ned as below: 
Calculation of experimental dispersed-phase mass transfer coeffi cient
Considering the mass balance for a single drop the following equation can be obtained: (12) where: (13) с o , с, с* are solute concentration in primary drop (before contact), concentration in specifi c position and the concentration in equilibrium with continuous phase, respectively which is measured through collecting the drops and doing titration using normal NaoH.
In each experiment and for different heights of the column by measuring Acetic Acid concentration, mean diameter and terminal velocity of droplets and the contact time between two phases, the mass transfer coeffi cients are calculated considering equation (12) .
In order to fi nd a correlation for the effective diffusivity for the counter-current conditions, the experimental values of the mass transfer coeffi cients are used in the Newman equation. In practice the drops will experience different events during their passage through the column such as breakage, coalescence and so on. The effective diffusivity can consider all above mentioned events. The experimental values of the mass transfer coeffi cients obtained from equation 12 are used in Newman equation to fi nd the effective diffusivity. The molecular diffusivity obtained from experimental data in the Newman equation would act as the effective diffusivity. (20) H 0 is very small and considered to be 0.001 to initiate the calculations.
As discussed before, the correlation of mass transfer coeffi cient applied here is 2 :
(21)
Equation (20) 
HTU2 is then obtained as: HTU2 = H2 -H1
This approach is continued for the number of transfer units. The total required height is the summation of these HTU's.
Although other mathematical procedures can be applied to solve Eq. (19), the presented method is desirable as it is a very simple and apprehensible method. Moreover, the concept of different HTU's (in contrast to identical ones) can be readily expressed by this method.
RESULTS AND DISCUSSIONS
Mass transfer coeffi cients
The results of this experimental study show that the mass transfer coeffi cient is strongly affected by column height. The effect of column height on mass transfer coeffi cients is given in Figures 3 and 4 . In these Figures effective diffusivity versus Reynolds number is presented in different heights of the column for two chemical systems. Figure 3 presents data for the fi rst chemical system, toluene-acetic acid-water and the counterpart values for second chemical system, n-butyl acetate-acetic acid-water, are shown in Figure 4 . As shown in these fi gures, the diffusivity of the dispe rsed phase increases by decreasing column height. This happens due to the fact that by approaching the end of the column the decrease in solute concentration results in less mass transfer driving force and smaller values for the mass transfer coeffi cients. Comparison of the effective diffusivities of two systems also shows that the second system, n-butyl acetate-acetic acid-water, has less values of D eff . This is due to lower interfacial tension in this system. It means that for a system with lower values of interfacial tension, the mass transfer coeffi cients are smaller because of less internal circulations of droplets.
Regression of the experimental data based on the diffusion concept discussed before leads to the following correlation.
(24) This correlation is similar to the one previously proposed for a single drop system 1 . The predictions of the proposed correlation are compared with the experimental data for the dispersed phase mass transfer coeffi cient in Figure 5 . As the Figure  shows , the suggested correlation can accurately predict the experimental data with an average error of 14%. 
Height of Packed Column
For our experimental study with a specifi c separation the explained mathematical procedure is applied. The required heights of packed column are derived for different conditions.
The obtained HTU's using the proposed approach are presented in Tables 3-8 . A large number of correlations for prediction of mass transfer coeffi cient are available in the literature 6-10 . Three major correlations were chosen for comparison to the correlation proposed here. As can be seen in the fi rst row of Table 5, the   Table 3 . Experimental and calculated height using selected equations, T/A/W, h = 11 cm Table 4 . Experimental and calculated height using selected equations, T/A/W, h = 24.5 cm Table 5 . Experimental and calculated height using selected equations, T/A/W, h = 39 cm Table 6 . Experimental and calculated height using selected equations, B/A/W, h = 11 cm -The mass transfer coeffi cient can be obtained with much better precision by applying the effective diffusivity in Newman equation and by introducing the height of the packing in the correlation.
-The experimental results show that the mass transfer coeffi cient is meaningfully a function of the height of the packing. While the height of packing increases solute concentration decreases and this results in less mass transfer rates.
-Presenting of the mass transfer coeffi cient as a function of height of packing is a new approach which can provide a theoretical basis for the calculation of column height.
-The conventional method for calculating the column height does not predict the height of column with a satisfactory accuracy while applying the new approach can signifi cantly reduce the average error. -Overall dispersed phase mass transfer coeffi cient (m/s) -Enhancement factor for mass transfer NTU is 3.89. It means that 3.89 stages are required to reach the desired concentration in the height of 39 cm. Applying the Newman model to predict the mass transfer coeffi cient and determining the required height of the column using the conventional method leads to 0.73 m for each stage and totally a column of 2.8 m is required. However with our proposed approach, 3.89 stages with different heights are needed.i.e. HTU1 = 5.4 cm, HTU2 = 7.7 cm , HTU3 = 8.9 cm and HTU4 = 9.8 cm. As it was predicted, HTU's are increasing in each experimental run. The corresponding errors for the conventional method applying Newman model and our proposed approach are 627% and 21%, respectively. The average absolute error of the predicted column height applying proposed correlation for mass transfer coeffi cient is about 20%. The counterpart values for Newman, Kronig-Brink and Handlos-Baron models are 606%, 275% and 75%, respectively.
CONCLUSION
In this study mass transfer coeffi cients is measured experimentally in different heights of packed column to predict its height. The study leads to introduction of a novel conceptual method to predict column height via new correlation for mass transfer coeffi cient. This new approach is called increasing HTU's. According to the results, the following conclusions are obtained:
-In contrast to previously believed concept, HTU is not a fi xed value in column. While the height of column increases the value of HTU increases too. Table 7 . Experimental and calculated height using selected equations, B/A/W, h = 24.5 cm 
